SUMMARY Postoperative verification of radiosurgical lesions in white matter has been difficult to obtain with CT. With magnetic resonance (MR) imaging, however, lesions could be demonstrated in patients undergoing a psychosurgical procedure, gamma capsulotomy, for anxiety disorder. The appearance and location of the lesions were related to the irradiation dose and to the long-term clinical outcome studied prospectively by two independent evaluators who had not been involved in the selection or the treatment of the patients. Seven consecutive cases were examined. CT was also included for comparison reasons. Lesions were clearly visible with MR in patients who improved after surgery. Conversely, lesions were inadequate in cases who did not benefit. MR proved to be more accurate than CT both in detecting the lesions and in defining their configuration. The observations argue for the use of MR for post-operative verification of radiosurgical lesions. MR may facilitate the determination of a clinically effective radiation threshold estimate for radiosurgical lesions, which should be of value for the planning of studies of this type of limbic system surgery.
Magnetic resonance imaging (MRI) is a reliable diagnostic method in neurology, neurosurgery and psychiatry. MRI not only yields images comparable or superior to those of computed tomography (CT) but also offers the potential for a more accurate discrimination between healthy and diseased tissue,1 without exposing the patient to x-rays or to any other known health risk. 2 Stereotactic radiosurgery is an effective neurosurgical method for non-invasive lesioning of cerebral pathways and relays,34 applied also to the field of psychosurgery.5 Gamma radiation from a stereotactic 60-Co unit is delivered to the white matter in the anterior limb of the internal capsule. The aim is to interrupt fronto-limbic pathways through the capsule;5-' hence the term of the intervention, gamma capsulotomy. However, a disadvantage has been that gamma lesions in white matter have not been reliably demonstrated with CT.s Consequently, it has not been possible to establish with any degree of certainty the relationship between the site and the size of the lesions and the therapeutic outcome of the intervention. In a recent pilot case, however, gamma lesions in the internal capsule could be demonstrated with MRI in the immediate postoperative period. 4 We used MRI in an attempt to visualise lesions several years after gamma capsulotomy, and to relate their site and size both to the irradiation dose delivered, and to the long-term clinical outcome as determined prospectively by two independent evaluators. Moreover, CT was also performed to permit comparison between the two imaging methods.
Many earlier reports on psychosurgery have been difficult to evaluate owing to retrospective study designs, short duration of follow-up, subjective or unstandardised measures of outcome used, most commonly, by the physician responsible also for the selection and the treatment of the patients. This study was designed to avoid some of these short-comings. In this investigation seven consecutive patients were examined before and again 7 years after surgery by two psychiatrists who had not been involved in the selec- MRI 3 Good, 4 Fair, 5 Poor, 6 Very Poor, and 7 Grossly Impaired. (Details of the follow-up procedure will be published elsewhere.)
Results
The results are summarised in the table. MRI A radiosurgical lesion was demonstrated with MRI in all cases. They were most clearly visible in the Tl weighted images as areas with low signal intensity. In typical cases they appeared sharply defined (see fig  1) . Their transverse and sagittal diameters averaged 6 mm and 13 mm in the axial projections. In five of the patients distinct bilateral lesions were found in the anterior limb of the internal capsule. In one case a cortical defect in the right occipital lobe was observed, indicative of a (clinically silent) infarction.
No other significant brain pathology was observed. The tissue reactions in the vicinity of the lesions were optimally measured in the T2 weighted images, appearing as a diffusely delineated area with high signal intensity and thin bands radiating several millimeters from the lesions (fig 2) . In the proton density weighted images neither the lesions nor the perifocal changes were visualised as well as in the Ti and T2 weighted sequences. In one case (M), only a minimal lesion in the left internal capsule could be detected on the MR images. In another patient (H) the lesion on the left side was smaller (3 x 3 mm) than her right lesion which was of average size for the group. Therefore the MR images of patients M 
of cases studied a statistically highly significant correlation was obtained between clinical outcome and MRI findings.
The best pulse sequence for the demonstration of the radiosurgical lesion itself proved to be the one enhancing the TI component of the images. The tissue reactions in the vicinity of the lesion, on the other hand, seemed to be more accurately assessed in the T2 weighted images. The tissue reactions accounting for the signal changes in the MR images are unknown, but it has been speculated that they represent a zone of "chronic oedema", perhaps induced by axonal degeneration. 13 14 The configuration of lesions produced with the same radiosurgical system and collimator apertures as those used in our study, but delivered to the grey matter of the thalamus in cancer pain patients, was examined in a post-mortem study.10 Lesions were found to be oval with the approximate diameters of 8 mm and 8 mm in the axial plane. This is in accordance with the size of the white matter lesions seen in the Ti weighted MR images in this study.
In 1979 Leksell and Backlund' failed to demonstrate lesions with CT performed 1-2 years after gamma capsulotomy. However, lesions were visible with CT in a majority of our patients, examined with modern high resolution CT scanners. The major reason for the discrepancy may be that the spatial and contrast resolutions of modern CT scanners are necessary to detect lesions of the actual size.
In comparing the two imaging methods it appears that MRI has a greater capability to demonstrate the gamma lesions, their configuration and the surrounding tissue reaction. Also, the facility to obtain MR images in many planes is another advantage. Furthermore, it may be assumed that radiosurgical lesions may be detected at an earlier stage after irradiation with MRI than with CT. This contention is supported by the demonstration of MRI signal changes 24 hours after gamma capsulotomy in the pilot case referred to above. 4 After completion of the study the neurosurgical records were inspected. In case M it was revealed that a calculation error had been made during the right target localisation procedure. When this was observed by the neurosurgeon, the irradiation was interrupted when 100 Gy instead of the intended 160 Gy had been delivered. Inspection of patient H's record showed that the calculated dose of 152 Gy had been delivered. It In the gamma capsulotomy series reported by Rylander,9 two patients had been classified to group C and two to group D. Both D cases (now deceased) were exceptional in that they had undergone frontal lobe psychosurgery prior to gamma capsulotomy. The two group C patients in his series were examined recently (by PM) and CT scans were made. In neither case could distinct, bilateral lesions be found. Thus in both series of patients inadequate lesions were noted in those cases who did not benefit from surgery.
Technical imperfections may be responsible for the treatment failures reported in this study, and presumably also for other psychosurgical failures reported elsewhere in the literature. The high correlations between clinical outcome and surgical accuracy, as reflected in the MR images, argues for the use of MRI to obtain post-operative verification. The study shows MRI to be more accurate than CT for that purpose.
It should be added that when determining the site of the lesions from the MR images, anatomical landmarks were used, not stereotactic coordinates. In the future, however, it should be possible to follow patients postoperatively with repeated MRI examination to study systematically the clinical effects of lesions placed stereotactically in various targets within the limbic system. Such studies should provide new information not only on the accuracy of the operative system in placing the lesion in the intended target, but also on a radiosurgical threshold estimate for clinically effective lesions, as well as the time course for the development of the lesions. This should be of value for the planning of interventions and follow-up studies in this type of limbic system surgery.
